DISEASES OF AQUATIC ORGANISM S D is A quat O rg
INTRODUCTION
W hite spot syndrom e virus (WSSV) is a d evastating path o g en w hich causes disease and m ortality in shrim p aquaculture. First reco rd ed in T aiw an in 1992 (Chou et al. 1995) , it has sp read to several shrimpfarm ing countries in Asia an d Latin A m erica (Wang et al. 2000 , Hill 2002 . In culture ponds, m ortalities up to 1 0 0 % m ay occur w ithin 1 0 d after the onset of disease (K asornchandra et al. 1998) . In m any A sian shrimp species the acute phase of disease is characterized by the presence of w hite spots on the inner surface of the exoskeleton (Lo et al. 1996 ) from w hich the disease nam e is derived. O ther clinical signs include anorexia, lethargy and reddish discoloration of the body (Otta et al. 1999) . WSSV is an enveloped, non-occluded bacilliform -shaped virus containing a double-stranded DNA genom e of b etw een 293 and 308 kbp (van H ulten et al. 2001 (van H ulten et al. , Yang et al. 2001 ). This p ath o g en w as first g ro u p ed w ith the non-occluded enveloped baculoviruses (D urand et al. 1996) , but g en e sequencing and characterization of its m ajor structural proteins have show n low homology w ith this virus family. These m olecular differences supported th e form ation of a new virus family for WSSV: th e N im aviridae (Vlak et al. 2002) . Several d ecapod crustaceans (C hang et al. 1998, S ahul-H am eed et al. 2003) and shrimp species (W ongteerasupaya et al. 1996, C hou et al. 1998, W ang et al. 1999 ) are susceptible to WSSV infection.
Several experim ents have b een carried out w ith WSSV to d eterm ine its pathogenicity in crustacean hosts using (1) intram uscular (i.m.) inoculation (Jiravanichpaisal et al. 2 0 0 1 ), (2 ) the p e r os route by feeding W SSV-infected tissues to experim ental anim als (Rajendran et al. 1999 (Rajendran et al. , W ang et al. 1999 ) an d (3) im m ersion (Chou et al. 1998 , Rajan et al. 2000 . In these studies, th e dose of infectious virus given to each anim al w as not know n. A standardized inoculation p rocedure re quires 2 m ajor com ponents: (1 ) th e use of anim als w ith low genetic variability an d high susceptibility to the virus, preferably free of specific p athogens and (2 ) a WSSV stock w ith a know n titer of infection. Such a stan d ard ized proced u re is essential (1 ) to com pare the susceptibility of different host species and life stages to WSSV, (2) to determ ine the virulence of different WSSV strains, an d (3) to test th e efficacy of strategies aim ed to control th e disease. To date, no shrim p cell cultures are available for in vitro titration of WSSV; therefore, in vivo titration is the only alternative.
Only 1 previous study has determ in ed the LD5 0 of a WSSV tissue suspension. A South C arolina isolate w as inoculated i.m. in specific pathog en -free (SPF) Lito p e n a e u s vannam ei of 1 g m ean body w eight, and th e virus titer w as d eterm in ed using probit analysis (Prior et al. 2003) .
The aims of the p resen t study w ere (1) to d eterm ine th e shrim p infectious dose 50% endpoint (SID5 0 ml4 ) an d the lethal dose 50% endpoint (LD5 0 m b 1) of a Thai isolate of WSSV in 2 sizes of juvenile SPF Litopenaeus vannam ei by i.m. inoculation, (2 ) to d eterm ine these virus titers by oral inoculation an d (3) to establish the relationship b etw een WSSV infection an d shrim p m ortality for th e 2 routes of inoculation.
MATERIALS AND METHODS
Experimental shrimp and rearing conditions. SPF Litopenaeus vannam ei of the Kona strain w as used (Wyban et al. 1992) . Batches of shrim ps arrived as post larvae (PL 8 to 12; m ean body w eight [MBW] = 0.0013 g) an d w ere acclim atized an d re a re d for a period of 36 to 50 d after arrival. Postlarvae w ere fed w ith A rtem ia nauplii once daily. Juveniles w ere fed w ith a com m ercial pelleted feed (A2 m onodon high perform ance shrim p feed/shrim p com plete grower, INVE aquaculture nv) at a rate of 2.5% MBW twice daily. W ater tem perature w as kept at 27 ± 1°C, salinity b etw een 30 and 35 g I-1, total am m onia-N less than 0.5 m g I-1 and nitrite-N b etw een 0.05 and 0.15 m g I-1.
Experimental conditions. Shrimp w ere acclim atized to a salinity of 15 g I-1 over 4 d prior to experim ental infectivity trials. Shrimp w ere kept individually in 10 1 plastic aquaria provided w ith aeration and covered w ith acrylic plates. Shrimp w ere fed a restricted diet of 6 pellets divided into 2 rations a day to m aintain w ater quality. W ater tem p eratu re w as b etw een 25 and 28°C, total am m onia levels w ere b etw een 0 and 5 m g I-1 and nitrite w as b etw een 0 and 0.15 m g I-1 as m onitored daily. Artificial seaw ater at a salinity of 15 g I-1 w as p re p a re d w ith instant ocean (M arine Systems) d is solved in distilled water.
Virus and production of the WSSV stock. A Thai iso late of WSSV from naturally-infected P enaeus m o n odon w as used. This virus isolate w as p assaged once in crayfish Pacifastacus leniusculus (Jiravanichpaisal et al. 2001) . A gili suspension from crayfish (10~2 in L-15 m edium ) w as kindly d o nated by P. Jiravanichpaisal and K. Söderhäll (Uppsala University, Sweden). It w as diluted 10_ 1 in phosphate-buffered saline (PBS) pH 7.4, and 50 pi w ere injected i.m. into SPF Litopenaeus vannam ei to amplify the virus. The inoculated shrimp w ere collected at 48 h post inoculation (hpi) and w ere frozen at -70°C . Tissues from these shrim ps w ere a n a lyzed by indirect im m unofluorescence (IIF) to confirm WSSV infection. T haw ed carcasses w ithout hepatopancreas, gut and exoskeleton w ere m inced. A 10_ 1 suspension w as m ade in PBS and centrifuged (3000 x g at 4°C for 20 min). The su pernatant w as centrifuged (13 000 x g at 4°C for 20 min), filtered (0.45 pm) and aliquoted for storage at -70°C . The total volum e w as 250 ml. Sam ples from tissues used to produce the viral stock w ere sent to Dr. Jam es Brock (M oana Technolo gies LLC, Hawaii) for detection of the m ajor viral pathogens of shrim p by polym erase chain reaction (PCR). PCR analysis confirm ed the sole p resence of WSSV DNA in the tissues.
In vivo titration by intramuscular inoculation. Virus Infection titer In 135 d old ju ven iles and Its correla tion to the m orta lity titer: Five experim ents w ere p e r form ed using shrim p of this age (MBW = 13.34 ± 4.08 g; n = 172). In 3 experim ents, shrim p w ere inoculated i.m. w ith 200 pi of a 10-fold serial dilution of WSSV. Four shrim p w ere used per dilution. M oribund and dead shrim p w ere recorded, rem oved from the aq uaria and processed for detection of WSSV infection. Surviving shrim p w ere sacrificed at the en d of the experim ents and analyzed for WSSV infection. These experim ents w ere term in ated at 72, 96 an d 168 hpi. In th e other 2 experim ents shrim p w ere inoculated i.m. w ith 50 pi of a 10-fold serial dilution of WSSV. Twelve shrimp w ere used p er dilution. M oribund, d e a d an d surviving shrim p w ere analyzed for WSSV infection. These experim ents w ere term in ated at 1 2 0 and 168 hpi (see Table 1 ).
Virus titers in 60 d old juveniles: T hree experim ents w ere perform ed w ith shrim p (MBW = 3.00 ± 1.18 g; n = 75) inoculated i.m. w ith 50 pi of a 10-fold serial dilution of WSSV. Five shrim p w ere used p er dilution. M oribund and d e a d shrim p w ere processed for d e te c tion of WSSV infection. T hese experim ents w ere term i n a te d at 120 hpi (see Table 2 ).
The statistical com parison of th e virus titers in these 2 sizes of juvenile shrim p w as u n d e rta k e n using the M ann-W hitney non-param etric test (Zar 1996) .
In vivo titration by oral inoculation. Virus titers in 80 d old ju ven ile shrim p: The m inim um size of shrim p that could be inoculated by th e oral route w as 6 to 7 g. The virus titer of th e WSSV stock after oral inoculation w as evalu ated using th e overall m edian virus titer after i. O ne-step PCR: Total DNA w as extracted from shrimp m uscle w ith lysis buffer (Intelligene). Primers F002 and R002 w ere used to amplify WSSV DNA, and prim ers F and R3 w hich amplify ß-actin from shrimp w ere u sed as controls. The am plicon for WSSV w as 306 bp, while th at for b-actin w as 339 bp (Dhar et al. 2001 ).
E xtracted DNA (2 pi) w as ad d ed to a PCR tu b e con taining 48 pi of a PCR m aster mix (lx PCR buffer [Eurogentec], 1.5 mM M gC l2, 0.3 mM of each of the re sp e c tive forw ard and reverse prim ers for WSSV or ß-actin, 1.6 mM dNTPs [Eurogentec] , 1 U hot goldstar Taq poly m erase [Eurogentec] total reaction volum e 50 pi). Onestep PCR w as carried out, w hich included a preh eatin g step at 95°C for 10 min followed by 35 cycles each w ith the following steps: dénaturation (94°C for 45 s), a n nealing (55°C for 45 s) (72°C for 75 s) and a final e x ten sion at 72°C for 5 min. PCR products w ere stored at 4°C. PCR products (12 pi), negative (ultrapure w ater) and positive (DNA from a IO-2 dilution of WSSV stock) con trols, as w ell as DNA m arkers (smart ladder, E u rogen tec) w ere resolved on a 1 .2 % agarose gel in trisacetate-ED TA (TAE) buffer. The gel w as stained w ith ethidium brom ide (0.02 m g m b 1) and visualized by UV transillum ination.
RESULTS

In vivo titration by intramuscular inoculation
Virus infection titer in 135 d old juveniles and its correlation to the mortality titer. The num ber of shrim p that died before term ination of the experim ents at 72, 96, 120 and 168 hpi and the num ber of d e ad or eu th anized shrim p found positive by IIF (Fig. 1 ) and 1-step PCR are p resen ted in Table 1 The m ortality titers w ere low er th an the infection titers w h en th e experim ents w ere term in ated at 72 or 96 hpi (IO5,7 an d IO5,4 LD50 ml4 , respectively), w hereas th e m ortality titer fully m atched the infection titer in th e experim ent term in ated at 120 hpi (IO6,4 LD50 ml4 ) as w ell as in the 2 experim ents term in ated at 168 hpi (IO6 5 and IO66 LD50 ml4 ).
Virus titers in 60 d old juveniles. The virus infection titers in each of th e 3 experim ents perform ed on this size of juveniles w ere IO6,8, IO6,9 and IO6,5 SID50 m b 1 ( Table 2 ). The sam e proportion of W SSV-infected shrim p w as d eterm ined by IIF and 1-step PCR (Fig. 2) . Likewise, the m ortality titers w ere the sam e as the infection titers for each experim ent.
The statistical com parison of the 3 virus titers d e te r m ined at 120 and 168 hpi in 135 d old shrimp and the 3 titers determ ined in 60 d old juveniles inoculated by the i.m. route show ed no significant differences (p > 0.05). Therefore, these 6 virus titers w ere used to establish the overall m edian virus infection titer of the WSSV stock at IO6,6 SID50 m b 1, and the overall m edian virus m ortality titer w as IO66 LD50 m b 1.
In vivo titration by oral inoculation
Virus titers in 80 d old juvenile shrimp. The 50% endpoint of the virus titers by oral inoculation w as 1.2 log10 and 0.7 log10 times higher th an by i.m. inoculation (Table 3) . Thus, the titers of the WSSV stock d eterm ined using the oral route of inoculation w ere IO5,6 SID50 m b 1 and IO5'6 LD50 ml"1.
DISCUSSION
The in vivo titration of viral stocks using the 50% endpoint dilution assay is commonly used w hen virus titers cannot be calculated in vitro (Flint et al. 2000) . In the present study, the virus infection and m ortal ity titers of a WSSV stock inoculated by i.m. and oral routes w ere d e te r m ined using this m ethod. To our know ledge, this is the first study to describe the relationship betw een routes of exposure (i.m. vs. oral) and virus infectivity of a WSSV stock in Litopenaeus vannam ei. The virus infection and m ortality titers in 60 and 135 d old juveniles w ere not significantly different, indicating th at these 2 stages of juvenile shrimp h ad the sam e susceptibility to WSSV w h en the virus is inoculated i.m.
In vivo titrations are im portant to evaluate differences in susceptibility b etw een life stages w ithin a host species or betw een related species . However, the use of a know n dose of infectious virus is critical to dem o n strate these differences. The virulence of a path o g en or its pow er to produce disease in a host is a m easurable feature (Shapiro-Ilan et al. 2005) . In order to com pare the virulence of dif ferent virus strains, their infectivity (SID50 m b 1) should be known. Every shrim p should be inoculated w ith the sam e am ount of infectious virus. The inoculation techniques described in the present study m ay be u sed both to determ ine the infectivity of different WSSV strains and to test their virulence. The virus infection titers d e te r m ined both by IIF and 1-step PCR w ere identical in each of the ex p eri m ents perform ed either by in tra m uscular or oral inoculation. Every shrim p detected positive by PCR w as equally detected by IIF. All shrimp surviving at 120 hpi or longer w ere not infected w ith WSSV as d e te r m ined by these 2 m ethods. A lthough it is w ell established th at PCR is more sensitive th a n IIF (Sizun et al. 1998 (Sizun et al. , W alker et al. 1998 ), u n der these experim ental conditions IIF w as able to detect W SSV-infected cells in all shrim p detected positive by PCR. In addition, it w as very convenient: cheap, easy to perform , yielding rapid results (within 4 h) and w ith good sensitivity. Thus, these results indicate that IIF m ay be considered as a suitable diagnostic tool in areas w h ere PCR is not available. (Prior et al. 2003) . Therefore, the presen t study is the first to show the identity betw een infection (SID50 ml-1) and m ortality (LD50 m L 1) in shrim p inoculated by i.m. or oral routes. M oreover, the presen t study extends the findings of Prior et al. in the following respects: (1) the virus titers w ere determ ined by i.m. injection and oral intubation in contrast to the evaluation of the LD50 only by i.m. inoculation but not by immersion; (2) the WSSV strain used is different (a Thai strain vs. an A m erican strain); (3) the infectivity of the WSSV stock w as d e te r m ined by the i.m. route in 2 sizes of juvenile shrimp, in contrast to only 1 shrim p size; and (4) the use of IIF to detect WSSV replication in infected cells represents a m ore appropriate virological technique than histo pathology to determ ine WSSV infection.
The oral route represents the n a t ural w ay of WSSV entry into shrim p through ingestion (Wu et al. 2001 , Lotz & Soto 2002 . Experim ental infections using the oral route have b een perform ed by feeding shrim p and other crustaceans with WSSVinfected tissues. However, this proce dure cannot gu aran tee th at every anim al receives the sam e am ount of infectious virus. The results p re sented h ere dem onstrate th at oral intubation m akes it possible to deliver a fixed quantity of virus to all inoculated shrim p and therefore re p resents a solution to this problem .
O nce WSSV enters the oral cavity it has to overcom e a series of physical and chem ical barriers in the digestive tract of the shrim p in order to reach the susceptible epithelial cells. The cuticle sheath coating the epithelium of the foregut forms an im portant physical barrier (Ceccaldi 1997 , M artin & Chiu 2003 . Digestive e n zymes such as trypsin, am ylases and lipases (G am boa-D elgado et al. 2003) form a chem ical barrier. T hese barriers m ay account for th e reduction of WSSV infection by approxim ately 1 log10 com pared w ith the i.m. route of inoculation. It is possible that these barriers m ay be able to prevent WSSV from reach in g the epithelial cells in the stom ach w h en orally inoculated.
In conclusion, the virus titers of the WSSV stock d eterm in ed in vivo by intram uscular and oral routes constitute th e first step tow ards standardization of infectivity models. T hese m odels can be u sed for the evaluation of different strategies (imm unostimulants, antivirals an d vaccines) aim ed at redu cin g th e im pact of WSSV disease an d for com paring th e virulence of WSSV strains.
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